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smriAEY 

A study was ’nade of run-in and ac^iffed stse’l, chrome-plate, and 
cast-iron surfaces. X-ray and electron diffraction techniques, micro- 
nardness determinations, and microscopy veve used. Surface changes 
varied and were found to include three classes: chemical reaction, 

hardening-, and crystallite-size altei-ation. The principal chemical 
reactions were oxidation and oarhurization with the following reaction 
products: 


Specimen * Surface 

! condition 

NJaterlal, identl- 
3‘ied on sux-face 

Questionable 
ident if i cat ion^ 

! ' ■ • r . . . 

SAE 4140 steel , Unrun 

reciprocating ^ Worn unscuffed 
slider ’ Scoff recovered 

i Scuff ed 1 

1 

! a-Fo 
1 a-Fe 

a-Fe, Fe 304 

a-Fe, FesC, Fe 304 j 

Fe 304 

Fe304, F02O3 
ycsO, PejOs 

SAE 4140 steel ! Worn unscuffed j 
aircraft-engine (Superficial i 

cylinder barrel face) ! 

! (Less than 1 

; 0.001 in. 

below surface 
' face ) 

1 

C (graphite), I 

Beilhy layer ! 

a-Fe, Fe 304 , Feg 03 ' 

i 

1 

» 



Mixed oxides 


i ' • 

Chrome-plated , Ucm uuscuffed i ot^Cr | 

cast-iron rider Burnished ! cu-Cv, Cr 203 , Cr,C. 

Scuffed I ct-Cr, CrgOv,, 

Cast-iron | Unrun | c:,-Fe ' Fe 30 

reciprocating- > Worn i a-Fe jC (graphite) 

_ ,£ti(^er . ; Scirfl^d [ n-Fe |C (grajjhite) 

■‘■Lines best fit pattern of material listed. 
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HardT'.eaB of materials examined varied with degree of surface condition. 
The crystallite sizes were in the ordex* of 10 ^ ceiitimetei'S. The sizes 
cha-nged with condition of operation. 


INTEODUCTICK 

The changes that occur to rubhing metallic surfaces have been 
studied by many investigators in order to obtain a better ivudorstandlng 
of the phenomena of wear and wear resistance. (See the bib'liography. ) 

A study of the bibliography and the reference reports reveals that 
at least the following faotcrwS are of importanco: 

Foivnation cf sux'faoe films and reaction products 
?,. Changes in surface hardness 
3. Changes in crystallite size 

Some relations are established heroin among these factors and the 
phenomena of run-in and one pha.se of wear^ .scuffing^ by iaentif ication 
of and examination cf surface changes occurring with one of the well- 
IcnoTm so’xrces of metallic wear, reciprocating sliding. The term ’run-in 
is used in this report to desl3ixa.te the process thorough wh?ch surfaces 
acquire, by mutual interaction during sliding contact, incx-eased 
capacity to carry load and to withstan.d wear. This invostigatiox* 
neglects the relation of hydrodynamic and boundary lubrication to ran- in, 
although all surfaces studied wore lubricated. 

Changes in the surface composition and suj.'faco characteristics were 
studied wider ran-in and wear conditions fox’ steel (SAE 4140) ruDbed 
against cast iron, chrome-ulated. cast iron ruDDed against steel, and 
cast iron rubbed against cast iron; these comb illations are standard in 
airci’aft eiigines. Use was made in this investigation of specialized 
techniques in X-i*ay and electron diff inaction, of chemical and metal- 
lographic analyses, and of hardness measurements. 


i'J’PAEATUS AI® PEOCEDURE 

Specimens of standard aircraft -enf^ine cylinder-barrel and piston- 
ring material combinations used in these examinations were obtained, from 
two sources. Portions of used cylinder' betrrols and pxston rings were 
directly examined, whereas portions o.f unused cylinder oai’rels and 
piston rings were examined, after rubbing under pressure a reciprocat- 
ing slider machine. Surface changes on the spocimena were examined by 
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X-ray and electron diffi'a.otion. Supplementary Information was 
obtained by chemical and TDicrochemical analysis, electrograpbic 
analysis, metallographic examination, and microhardness determination. 


The follovring materials were investigated: 


Miiterial combination 

Specimen 

examined 

Specimen 

source 

SAE 4140 steel slidor rubbed 
against cast-iron rider 

Slidor 

Slider machine 

Cast-iron piston x*ings rubbed 
agaln-:^t SAE 4140 steel 
cylinder barrel 

Cyli.ader 

barrel 

Aircraft engine 

SAE 4140 steel slider rtibbsd 
against chrome-plated 
cast-iron rider 

Eider 

Slider iiiachlne 

Cast-iron slider rubbed 
against cast-iron I’ider 

Slider 

Slider inacMne 

C>n.’omo -plated cast-iron piston 
I'lngs rubbed against SAE 4140 
steel cylinder barrel j 

Eing 

1 

Aix-craft engine 


This selection of specimens is representative of the materials used 
in standard aircraft engines and should give results representative 
of run-in and scui'f in those engines. 

The slider machine (fig. l) reciprocated a slider specimen 

7p by Ig inches beneath a fixed and loaded rider l 0 by 3 inches. 

The rider was loaded by applied gas pressure, which was read from 
a dial. Mass temperatures of the rider and the slider were recorded 
with thermocouples. VThen the surfaces are lubricated, as in this 
investigation, conditions of both boundary and hydrodynamic lubri- 
cation are believed to exist, that of boundary at the ends of the 
stroke and that of hydrodynamic at the middle of the stroke. The 
oil used was Navy 1120 fed at a rate of 16 cubic centimeters per 
hour. The reciprocating speed was 630 cycles per minute with a 

n 

stroke of 5— inches. The procedure used for all specimens was as 
f oll.ows ; ^ 


1. The two mating surfaces were lapped with silicon carbide 
lapping compound with resultant surf ace -roughness readings of 
approximately 40 to 60 microinches rms for the rider and below 
15 microinches rms for the slider. 
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2. The surfaces ■'•rere cleaned with solvents. 

3. The surfaces were mated by reciprocation imder a constant 
load of 600 pourids per square inch applied to the rider for 15 minutes. 
Nun- in began at this point. 

4. For scu:^fed specimens, the rider was loaded in increments of 
100 pounds per square inch every 5 minutes until scuffing occurred. 

A prolonged run-in procedure, consisti.ng of operation at 2400 pounds 
per sqxiare inch for 2 hours followed by 100 pounds per square inch and 
temperature-stabilization increments until scuffing cccirred, was 

used on one cast-iron surface. Scuffing observed visually, accompanied 
by rapid temperature rise, served as a criterion of surface failure. 

The machine was stopped within a few seconds after failure began, 
which was usually 2 to 3 hours after the start of the run. 

The aircraft engines were operated for si to 7 hours of run-in 

2 

plus 15 to 100 houi’s of endurance at an average engine speed of 

2500 rpm and an average indicated mean effective pressure of 250 pounds 

per- square inch. ■ 

All X-ray diffraction patterns- were obtained with cobalt Ka 
radiation and with tbo specimen mounted in the manner used with the 
Debye -Gcherrer powder camera. A 5-inch-diameter cylindrical camera 
•\ras used with an iron-oxide filter. Diffraction-line intensities 
■were visually estimated. A micropho borne ber could be used only to 
record a-ii-on X-ray-line position, breadth, and intensity for 
crystallite-size dotermination. Positive identification of comijounds 
was made only when a minimvim of three of the strongest lines was 
observed for each compound associated with at least one surface 
condition out of a series of surface conditions obtained for a given 
material. Calculations of ci’ystallite size were made from line 
broadening according to the procedure given in reference 1 on the 
assumption that crystallite-size effects alone were causing line 
broadening. Fine copper powder was used to determine the standard line 
breadth. No estimation of the fraction of this broadening caused by 
lattice distortion was made. (Lattice distortion may have caused 
a great part of the broadening but no proved way exists to measure 
relative effects of lattice distortion and crystalli'be size.) If, 
in a group of lines composed of diffraction patterns of several 
compou-ads , one pat'bern obviously predominated in intensity, that 
coinxjound was believed to be present in greater amounts than any of 
the others . 
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Electron diffraction examination of subsurface regions in the 
used engine sfecimons was made after each of five successive abrasions 
of the metal on 00 cmerj paper under pure benzene. The depth of an 
abrasion was measured with a vernier micrometer. Estimates of the 
depth of surface changes were made by microscopic measurements on 
cross and taper sections. Control specimens cut from the base struc- 
ture of the engine cylinders were similarly treated and examined for 
evidence of any oxidation that might have been produced by abrasion. 

Hardness roeasiu'ements were made with either Knoop or Vickers 
indenters, depending upon the condition of the surface being investi- 
gated. The quantitative units thus obtained were checked qualitatively 
with a Bierbaiim -scratch (Microcharacter) hardness tester. This 
scratch Indentation is less affected by metallic strata underlyl.ng the 
.surface than the other indenters, but it is more sensitive to surface 
? rregularlties . 

Chemical and microchemical analyses were made on natural and 
metal lographic surfaces by means of solution, electrographic, and 
electrolytic etches. Metallographic examinations were made on normal 
or on tapered and nlating-reinforced cross sections. 


EE3ULTS ANP DISCUSSION 
Steel Surfaces 

With the slider-rider combination of SAE 414C steel and cast 
iron, several conditions occurred successively in strips, or zones, 
on the steel slider (fig. 2). The production of more than one surface 
condition on one specimen was due to slightly imperfect mating of rider 
and slider. The maimer in wb.ich surface changes progressed represents 
various stecs in increased loading until failure. Identification of 
the surf'ace coxiditions is as follows: A represents the oi’iginal 

unworn (unrim) surface; B represents a worn but unscuffed surface; 
and C represents a surface that appeared to have entered an initial 
condition of scuff rather earl.y in the exjjerimont but to have almost 
immediately recovered* Close observation during the run revealed a 
momenta.ry darkening in color and then a change to dark gray. The 
permanently scuffed surface that developed in several stages, which 
succeeded each other wi.thin a few seconds, is represented by D. 

The first stage of formation was indicated by the momentary appearance 
of a dark-brovm or reddish-brown surface color, which changed to 
black. The change In color vTas accompanied by the appearance in the 
recovered oil of a sediment whose major constituent was analyzed as 
alpha feri-ic oxide a-Fe 203 by X-ray diffraction methods. 
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The appearance of "bright spots and heavy scuff marks on the surface 
accompanied "by a sharp increase in temperature indicated permanent 
scuff. It appears that because of the initial imperfect mating a 
shifting of load took place, which led to variations and irregularities 
in local "load concentrations. Surface B maybe considered to have 
carried a large portion of the load during the mating procedure and 
therefore to iiave been able to support the load as it was increased. 

As the load was increased, surface C suddenly appeared. This 
appearance occurred as a result, possibly, of slight warping as the 
temperature rose and because surface C may have been insufficiently 
mated at the time the load Increased. As the load was further increased, 
strip D appeared, possibly because of a comb?" nation of higher load 
and further warping until the surface scuffed rapidly with so much 
progressive damage that the scuff became extensive and permanent. 

Identification of alpha iron, a-Fe, f erroaof erric (ferrosic) 
oxide, Fe30^, and iron carbide, Fe3C, in these surfaces was made 

by X-ray diffraction. (See fig. 3.) (Whenever Fe304 is mentioned 
herein, the possibility that it could also be 7-F6203 should be 
considered, because the two are indistinguishable by usual diffrac- 
tion methods.) On all four surfaces (A, B, C, and B), Fe304 was 

considered present and gave an apparent meiximum diffraction intensity 
for scuff -recovered and a decreased intensity for scuffed conditions 
as judged from the number of lines and from the changes in visual 
intensity. The identification of Fe203 on surfaces B, C, and D 
was questionable. Iron carbide was identified on the scuffed sur- 
face D and questionably identified on sc\iff -recovered surface C. 

The intensities were greater for the scuffed than the scuff -recovered 
surface. No F83C vras identified on the unscuffed surfaces. 

The results of the determination of crystalite sizes are presented 
in figure 4 and the X-ray patterns showing the differences are shorn 
in figure 5. The hardness of the four airrface conditions is also 
shoTO in figure 4; maximum hardness existed on the scuff -recovered 
surface . 

Electron diffraction examination of specimens cut from an unscuffed 
SAE 4140 steel cylinder operated more than 100 hours with cast-iron 
rings and thoroiAghly cleaned with solvents on the outeimost surface 
first produced the two diffuse halos characteristic of the Beilby layer 
and the diffraction pattern of graphite (fig. 3). Light abrasion 
with 00 emery, in successive steps under benzene, exposed metal that 
gave the diffraction patterns of a-Fe, Fe304,and Fe203. Oxides were 

thus detectable to depths estimated near 0.001 inch. Oxidation duriiig \ 
the abrasion iras proved negligl"bie by the same treatment of control 
specimens , 
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This oxidation is shown in more detail in figure 6 and is labeled 
depth of oxygen penetration. Oxides existed beneath the surface of 
the metal everywhere the cj'linder had been rubbed. The top l/8 inch 
of the barrel was subjected to conditions within the combustion 
chamber but to no rubbing during engine operation because it was above 
the region of piston contact. In that, top area the oxide existed 
only as a tenacious blue surface film under a carbon deposit. 

Variation in surface hardness is plotted on the same abscissa as the' 
oxygen data in figure 6. These data were taken at five representa- 
tive points along the barrel length. 


Chrome Surfaces 

The chrome -plated cast-iron rider that was reciprocated against 
the steel slider contained only three distinguishable surface condi- 
tions at the end of the run; namely, worn unscuffed, burnished, and 
normal scuff. Unrun-surface analyses were obtained from another 
rider. 

The chrome pattern predominates in all the surface X-ray dif- 
fraction patterns. Diffraction examination showed no presence of 
any chromic oxide, CrgOs, on the unscuffed surface although this 
surface was expected to contain at least a small amount of this 
oxide, possibly in the amorphous condition. The compounds CrgOs 
and chromium carbide, Cr 3 C 2 , were easily identified on the bur- 
nished and scuffed surfaces. An X-ray diffraction pattern contain- 
ing evidence for these compounds on the scuffed surface is shown in 
figure 7. A number of diffraction lines that stand alone and belong 
to none of the previously mentioned compounds may be parts of the 
diffraction patterns of chromiiom nitrides, Ci’2^ 

and CrN, the chromium carbides, CrgsCg, CryCs, and also FesC 
(on the sciiffed surfaces) . Wo compl.etely reliable quantitative 
trends could be found because of some difficulty in rating diffrac- 
tion intensities, but the intensities of Cr 203 and Cr 3 C 2 anpear 
to be greater on the scuffed than on the burnisheid portion. Under 
the microscope, patches of loose -appearing material with the color 
and texture of red and black iron oxides and giving dissolution 
reactions for iron were observed in the surface depressions, appar-' 
ently as left after pickup from the mating steel slider. 

The variations in hardness among the different surface condi- 
tions are graphically illustrated in figure 8. Crystallite-size 
determination showed no large differences. A decrease in crystal- 
lite size was expected approaching scuff and such a trend was 
indicated, but the differences were within experimental error. The 
sizes were of the order of 14 x lO"”^ centimeters. 
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Electron- diffraction examlnetions of imscuffed chrorac-plated rings 
taken from steel aircraft-engine cylinders produced no unable patterns. 
Only high backgro land was observed. Under tbo microscope, tlie siirfaGep. 
had the appearance of having a higb polish, X-ray diffraction of these 
siirfaces also showed considerable diffuse scatter together with very 
diffuse and faint lines whose approximate spacings were those of Cr 205 . 

Electrogi’aphic analyses identified chrome and iron, and a series of 
reactions by jiietallographic reagents strongly indicated the prcisence 
of the compoui'xd CrgOg • EcO. 


Cast-Iron Surfacef: 

Two cast-iron slider specimens vrere examined that had been sub- 
jected respectively to a normal and to a prolonged i*un-ln pi'oeedure. 

The prolonged run-in increased load -carrying capacity. Figure 7 
lists an X-ray diffraction pattern from an unrun surface showing the 
presence of a-Fe and one wealr ring (interplanar spacing, 4.5 A) that 
coincides with the strongest line of the graphite pattern. A number 
of weak lines and one strong line coincide with all the ati-ong lines 
of Fe 3 C, and several unidentified lines also show. On all the sur- 
faces, a-Fe was observed. The presence of graphite was more com- 
pletely indicated on the worn and scuffed surfaces. Hardness , values 
showed decrease as scuff condition was approached (fig. 9) and 
crystallite sizes increased. 

No examinations were made of used unplated cast-iron piston 
rings; the information presented In references 2 and 3 is considered 
svifficient for comparison. These references discuss the detection 
of the presence of graphite and oxides on surfaces that were In sliding 
contact during engine operation. 


Correlation of Sesults 

In general, the results may be divided into three classes: 
chemical reaction, material hardening, and altex’ation of crystallite 
size. The chemical and physical changes ideirtifled on surfaces from 
the reciprocating slider were superficial compa;red with the changes 
w?;‘ought on surfaces during engine testa. The depths of the chai:igcs 
wore as follows: 
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^ »• 


.Specimen 

Eecii^rocatlng slider 
Aircraft-engine-cylinder 


Depth of change- 
) 

1 X lO^^to ^l X 10"^ 


segment 


^Except that 1 x 10~^ in. may be maximuiE for 
chrome plate . 


On all specimens examined, a certain amount of metallic smear and 
crystal bending vaa obserred on or .just under the surface. 

The compounds present on engine-cyllndor-barrel surfaces were 
present also on the slider surfaces of the same material. The only 
differences in tne iitidin^js were that the various chemical compounds 
and phases wore more easily identified on the slider specimens, and-^the 
the cylinder-barrel surfaces definitely showed carbon and the'- Bellby 
layer. The diffraction patterns from tho surface material on engine 
.specimens often tended to be diffuse. 


The stre.ngth of the Fe304' diffraction pattern from the scuff- 
recovered steel and the strong evidence of the FesC from tho scijffed 
f-ndicated that Fe304 can be associated ;rtth sc/aff resistance 
and that 1030 can be associated with scuff. Caution should bo used, 
however, in basing such a comparison on the evidence in this investi- 
gation alone. ^ Evidence for the association of different oxides with 
different suriace conditions may be found in references 4 and 5. 

A specially prepared Fe304 surface was found to have excellent 
properties partly, at least, because it allowed rapid surface-profile 
break-in without subsequent high woar or scuffing." This oxidewas 
desirable for an extremely fine and granular structure firmly rooted 
to the ease material. It vras not too tenacious to resist abrasion 
and^broke aown into a very fine polishing medium during rubbing 
(reference 4), T/henevor in the preparation of tho oxide surface the 
red Fe-203 formed, unfavorable results were obtained. The red oxide 
was soft and nonadherent (reference 5). 


^ reason for this difference in surface -rubbing characteristics 

of these two oxides is not exactly knofm. Either oxide may form on 
given surface depending upon temperature and pressure relations. 

The ni^ber of Fg 304 nuclei developed in unit volume in unit time is 
rcla-cively large and the velocity of crystallization is small and 
this oxide maj- occur as an impalpable powder. The red FePO'? however 
IS always crystalline (reference 6, pp. 740, 741, 776). ' ^ 
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The engine apecimeiiS repi’osonted run-in and wear conditions entirely 
diffei’ent from those imposed on slider suifaces. Mixed hot gases, 
flame, impact loading of portions of the cylinder surface, and high slid- 
ing speeds were conaideraoi.y different from the room atmosphere, simple 
frictional heat, slow speed, and steady loading of the slider. Yet 
hoth the engine and slider suri'aces exhibited the same kinds of change. 

The long period of operation of the engine, howovex*, affected the depth 
to which oxygen penetrated. 

The oocuiTeuoe of oxidation in depth only in regions of surface 
rubbing suggests the occurrence of minute or microscopic voids as 
faults (or cracks) within the atomic structxire or as Intorgi’anular 
voids. (Soe references 7 to ’J.O.) The density of an imcast metal 
during working decreases (references 11 and 12), possibly as a result 
of the proxjagation of structux’al faults or the formation of internal 
voids. Such a decrease should favor penetration and diffusion of other 
elements, particularly gaseous ones, into the metal. Such relatively 
deep oxygen penetration is less in agreement with the usual concentration 
form’ula, which limits the thickness of an oxide film, than with an 
activity-gradient formula (refei’enoe 13). 

The wear profile of engine cyllndei’s showed a depression, or highest 
wear, at the top of comx)ression-i'’ing ti'avel. In this region of high 
wear where less oxygen penetration seemed to have occurred, tho surface 
had been worn away almost as fast as the penetration progressed. 

Farther down the length of the cylinder barrel the rate of oxygen 
penetration seemeci to exceed tho rate of wear. As a result, oxides 
formed within a relatively pliable matrix of steel and ]?of3sibly gave 
rise to a desirable sm-faco, combining pliability with decreased 
abrasion, which was continually x’enewed under the slow abrasion of 
operating wear. 

Breakdown of lubricant under excessive conditions may account for 
an amount of carbon sufficient for formation of the carbides. The for- 
mation of a carbide-rich phase and the increased surface hai'daoss on 
bomidarj’'- lubricated steel against cast iron is indicated in reference 14. 

The crystallite size and the hardness of the wearing surfaces are 
xxosaibilj'' as important as the chemical reactions. Tho relations between 
crystallite size and hardness for steel, chrome, and cast iron vary as 
shown in figures 4 and 2 and are somewhat complex. The average hard- 
ness of the SAE 4140 steel for the scuffed and scx^f-rccovered surfaces 
was greater than the average hardness of the unscuffed siurfaces, and by 
similar comparison the crystallite size was smaller. In con^vuiction 
with these facts, the formation of tho iron oxides and carbide on tho 
scuffed surfaces is noted. If the change in hardness is to be attributed 
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to one of tho other chaiiges, it seems to follow chomlcal reaction best. 
The occurrence of Fe304 in its greatest quantity coincided with the 
greatest hardness on the scuff -recovered surface, and a drop in 
hardness on the scuffed surface coincided with an indicated reduction 
in the amount of FojO^. This concept of a general relation of hardness 
to chemical reaction may or may not be weakened, however, by the 
occurrence of Fe3C with the lower hardness of the permanently scuffed 
surface . 

The hardness of the chrome surface increased markedly for the 
burnished surface condition and corresponded with the formation of 
Crgps and CrsCg. The cast iron softened throughout the runs and the 
crystallite size increased. The end result at scui'f was approximately 
the same for norma! and for prolonged run-in. The pro longed- ruin- in 
surface, having the bighex^ load at failure, showed slightly less 
softening than the normal-run-in surface. The more xJ^^onouinced 
crystallite-size increase for the worn-unscuffed surface under prolonged 
x'un-in seems incompatible with increased resistance to failure. 

Chemical, changes may account for the i-eversed trend for this material 
with respect to the ovor-all trend associated with tho other materials, 
although such changes were undetectable in this case, Eelatively, 
an opposite trend is indicated for any one of these materials when the 
change in hardness is compared with change in crystallite size between 
unscuffed and sciuffed surface conditions. 


STJMMAEY OF RESULTS 

The following observations were made as a result of examinations 
of metallic surfaces that had undergone rubbing under conditions of 
partly boundary and partly hydrodynamic lubrication; tho changes found 
on steol, chrome, and cast iron varied with tho run-in and scuffed 
surfaces. 

The principal chemical reactions were oxidation and carburization 
with the follovring reactio.n products; 


12 


MCA TW Wo. 1432 


Specimen 

Surface 

condition 

Jjfeterial idonti- 
ified on surface 

1 

1 

! Questionable 
j ident if i cat i on'^ 

SAE 4140 steel 
reciprocating 
slider 

IJnrun 

Worn luiscuffed 
Scijff recovered 
Scuffed 

l_ .. _ , 

r 

1 eo-Fe 
} cc-Fe 

jO-Fe, F 03 O 4 ; 

|a-Fe, FG 3 C, Fe 30.4 

L 

1 

|Fe 304 

jFe 304 , FoeOs 

IFerC, Fe 203 

Fe.,0, 

c 

SAE 4140 steel 
airc'raft-engine 
cylinder barrel 

1 

Worn unscuffed 
(Superficial 
face) 

(Less than 
1 0.001 in. 

below surface 
face) 

1 

i 

C (gro,phite), 

Beil.by layer 
a-Fe, F 6304 , Fe 203 

Mixed oxides 

i 

1 

Chi-ome -plated 
cast-iron rider 

Worn unscuffed 

Burnished 

Scuffed 

o-Or 

a-Cr, Cr 203 , Cr^CE 
ct-Cr, Cr 203 , 





Cast-iron 

reel pro eating 
slider 

Uiirun 

Worn 

Scuffed 
— .. 

a-Pe- 

a-Fe 

a-Fe 

FesC 

C (graphite) 
C (grai;hite) 


^Lines "best fit pattern of material listed. 


Hardness of materials examined varied with degree of surface condition. 
Toe crystallite sizes were in the order of 10""^ centemeters. The sizes 
changed with condition of operation. 


Flight Propulsion Research Lahoi’atory, 

Wational .Advisory Committee for Asronoutics, 

Cleveland, Ohio, April 22, 1947. 
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Fig. 2 
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Figure 2. - Run-in and scuffed SAE 4140 steel slider and cast-iron rider 

showing types of surface on slider. 
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Scuff- recovered SAE 4140 steel slider 
specimen (X-ray diffraction) 

OL -Fe, body-cente red-cub i c structure 
( standard pattern * ) 

Fe^ 04 , spl nel- type structure 
C standard pattern * ) 

Fe^C, orthorhombic structure 
(standard pattern^) 

CX -Fe 203 , hexagonal structure 
(standard pattern*) 

Well run-in SAE 4140 steel al rcraft- 
engine cy I I nder- ba rre I surface 
(electron diffraction) 

C (graphite), hexagonal structure 
(standard pattern*) 

Bellby layer on same barrel surface 
(electron diffraction) 

*Taken from A. S.T.M. card index 
for X-ray diffraction. 

^Taken from reference 15. 
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Figure 3. - Typical electron and X-ray diffraction patterns from surfaces of specimens of SAE 4140 
steel slider and aircraft-engine cylinder barrel and standard X-ray diffraction patterns of materi- 
al s i dent i f i ed. 
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Figure 4. - Relation between surface changes and surface condition of 
5AE 4140 steel slider specimens. 


NACA TN No 


1432 


Fig. 5 


Surface A, 
unwo rn 


Surface B, 
wo rn 

unscuffed 


Surface C, 

scuff 

recovered 


Surface D, 
permanent ly 
scuffed 



NACA 
c. 19137 
7. 10.47 


Figure 5. 
I men 


- X-ray diffraction patterns 
showing change in crystallite 


from 
s i ze 


SAE 4 140 stee 
from surfaces 


si i de r 
A to D. 


I 

spec- I 

i 


I 

1 

i 


Depth of oxygen 

Surface hardness, penetration. In 
Vlclcers number 


NATIONAL ADVISORY 




Area 

number 

Location of area on cylinder 
wall with reference to piston 

Piston position 

Surface condition 

1 

Above piston travel 


Thin oxide film, no wear 

2 

Opposite top land 

Top center 

Light pitting 

5 

Opposite compression rings 

Top center 

Heavier pitting and wear 

U 

Opposite skirt 

(high sliding speeds) 

Top center 

Light pitting 

1 

Opposite compression rings 

Bottom center 

Low wear 

6 

Opposite skirt 

Bottom center 

Very low wear 


Figure 6. - Relations among surface condition, material hardness, and depth of oxygen penetration 
found on worn - unscuffed SAE 4140 steel aircraft-engine cylinder barrel. 
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Scuffed chrome-plated cast-iron rider 
specimen (X-ray diffraction) 


Unworn cast-iron rider specimen (/-ray 
di f f ract I on ) 

Ot -Cr, body-cen tered-cu bi c structure 
(standard pattern*) 

a -Fe, body-centered-cubi c structure 
I standard pattern * ) 

^^2^3' hexagonal structure 
( standard pattern * ) 

Cr^C 2 , orthorhombic structure 
( standard pattern * ) 

Fe^C, orthorhombic structure 
(standard pattern^) 

C (graphite), hexagonal structure 
(standard pattern*) 

*Taken from A.S.T.M. card index 
for X-ray diffraction. 

^Taken from reference 15. 
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Figure 7. - Typical electron and X-ray diffraction patterns from specimens of chrome-plated cast-iron 
and cast-iron riders and standard X-ray diffraction patterns of materials identified. 
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Figs. 8, 9 



Figure 8. - Relation between hardness and surface condition of chrome- 

plated cast-iron rider specimen. 
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Figure 9. - Relation between surface changes and surface condition of 

cast-iron slider specimens. 









